Abstract-This paper presents a theoretical investigation to evaluate and compare the capabilities of using dielectrophoreis (DEP) and optical image-driven dielectrophoreis (ODEP) forces for micro/nano scale manipulation. A simplified model of particle velocity as a function of electrode size and particle radius was derived based on Stokes' law. Then, electric field analysis of two typical electrode configurations for DEP and ODEP manipulation was conducted under the same applied AC power and electrode dimension. Our results indicate that compared to DEP, ODEP provides much higher dominant force for micro/nano particle manipulation due to its Gaussian distribution of the light beam. Moreover, with only Brownian effect, theoretical results indicate that the minimum radius of particles that ODEP can manipulate has a close dependence on the virtual electrode size. ODEP can manipulate nano particles down to 2nm when the spot size down to 1ȝm.
I. INTRODUCTION
The ability to manipulate micro/nano entities suspended in aqueous solutions without physical contact has significant potential for applications in the fields of cellular biology, micro/nano assembly, and bio-nanotechnology. A variety of techniques have been proposed and demonstrated such as optical tweezers [1] , magnetic tweezers [2] , and DEP [3] . However, these conventional manipulation techniques cannot achieve both high spatial-resolution and high throughput manipulation at the same time. Although optical tweezers offer high resolution for trapping single particles, they have the limitation for tight focusing requirements and potential photo-damage caused by the intense optical energy. DEP has been proved to be an effective method for non-contact particle manipulations, such as separation, transportation, and assembly. The limitation of DEP is the requirement of fixed physical electrodes, which leads to poor reconfigurability and flexibility. Chiou et al. presented an optical image-driven dielectrophoresis (ODEP) technique, which requires 100,000 times less optical intensity than optical tweezers. By using an incoherent light source and a digital micromirror spatial light modulator, parallel manipulation of 15,000 particle traps on a 13mm×10mm area was achieved [4] . Moreover, manipulation and separation of individual semiconducting and metallic nanowires by using OET (optoelectronic tweezers) was demonstrated by Jamshidi et al [5] . Later, ODEP was used to discriminate normal oocytes by combining gravity with a pulling-up DEP force induced by dynamic image projected from a liquid crystal display to reduce the effect of gravity [6] . Recently, manipulation and patterning of carbon nanotubes (CNTs) was demonstrated by using the optically driven platform by Lee et al [7] . However, a systematic theoretical analysis on ODEP based manipulation, especially on addressing the size-limit of maneuverable particles using ODEP, has not been reported yet, to the best of our knowledge.
In this paper, we first carry out a theoretical analysis on the effect of electrode dimension and particle size on the induced particle motion due to DEP and ODEP. Then, a simulation was conducted to parametrically evaluate and compare the performance of DEP and ODEP. Finally, the minimum particle radius ODEP can manipulate was derived under the simplest condition that only Brownian effect exists.
II. THEORETICAL FUNDAMENTALS

A. Dielectrophoresis
Dielectrophoresis is a phenomenon in which a force is exerted on a dielectric particle when it is subjected to a non-uniform electric field. The magnitude of force can be expressed as [3] :
where F dep represents the time-averaged DEP force acted on a spherical particle, E the external applied electric field, a the particle radius, İ m the permittivity of the suspending medium and K * (Ȧ) is the complex Clausius-Mossotti (CM) factor, given H are the complex permittivity of the particle and the suspending medium, ı p and ı m are the conductivities of the suspending medium and the particle, respectively, Ȧ is the angular frequency of the applied electric field, and j is 1 . Re[K * (Ȧ)] is the real part of CM factor, which has a value between +1.0 and -0.5 Depending on the value of the CM factor, the particles can either be attracted to or repelled from the strong electric field, which is called positive DEP or negative DEP. A conventional DEP manipulation system typically includes a pair of physical microelectrodes, which is photolithographically fabricated onto a Si or glass substrate. The liquid containing the manipulated particles is dropped onto the electrode pair gap while an AC voltage is applied.
B. Optically-induced dielectrophoresis
An OET device usually consists of a layer of photoconductive material on an indium tin oxide (ITO)-coated glass substrate. Liquid containing the particles of interest is sandwiched between this lower device and a top piece of ITO-coated glass. An AC bias is applied between the two ITO layers. In the absence of light, the majority of the voltage drops across the photoconductive layer. However, upon illumination, the photoconductive layer's conductivity increases by many orders of magnitude [8] .
While DEP uses microfabricated metal electrodes to generate electric field, OET systems use an optical pattern projected onto the photoconductive surface, which acts as a virtual electrode, to generate the electric field, and then the resulting non-uniform electric field exerts a DEP force on particles.
In an OET system, the light-patterned virtual electrodes are reconfigurable, and can be actuated by the optical power which could be five orders of magnitude lower than that of optical tweezers [10] . This permits OET for parallel single cell manipulation with lowest photo-damage over a much larger area than optical tweezers that use focused optical field.
The virtual electrodes in the OET system are patterned images generated by Digital Mirror Device (DMD) [5] , LED displays or LCD panels [6] , which are illuminated by special light source such as laser beam, halogen lamp or LED lamp. In general, laser beam propagation can be approximated by assuming that the laser beam has an ideal Gaussian intensity profile, which corresponds to the theoretical TEM 00 mode [11] . The intensity distribution of other emitting sources can also be assumed to have the Gaussian profile. When refracted by a lens, a Gaussian beam is transformed into another Gaussian beam (characterized by a different set of parameters), which explains why it is a convenient, widespread model in laser optics.
For a Gaussian beam, the corresponding time-averaged intensity distribution can be described by [11] :
where I 0 is the peak value of the intensity, r the radial distance from the center axis of the beam, z the axial distance from the beam's narrowest point, and Ȧ(z) the radius at which the field amplitude and intensity drop to 1/e 2 of their axial values. Here Ȧ 0 =Ȧ(0) is the waist size which is also called the spot size.
C. Stokes' Law
When the generated ODEP force is large enough to manipulate particles, the particles will move towards the illuminated areas by positive DEP force or away from this area by negative DEP force. Once the particles move in the medium, they will be subjected to drag force.
When a spherical bead of radius a moves at constant velocity u f in a fluid of viscosity Ș, according to Stokes' Law, the drag force can be calculated as: 6
D. Brownian motion
Submicron particles suspended in liquid will move at random according to the molecular-kinetic theory of heat [12] . This phenomenon, called Brownian motion, can be easily observed in microscope. As the size of the particle reduces, the effect of Brownian motion becomes significant. This Brownian motion is due to the collision of water molecules, which make the particles undergo random-walk motion. According to Einstein's theory on Brownian motion, the relation between average displacement and time interval t can be described as [12] :
where D is diffusion coefficient. For a spherical particle, the diffusion coefficient is D = k B T/(6ʌȘa), where k B is the Boltzmann constant, T the absolute temperature, Ș the viscosity of the liquid, and a the particle radius. With the force K exerted on a particle by Brownian motion, the induced velocity of the particle can be given by: K/(6ʌȘa). Given the time interval of t, the displacement of the particle is:
Combining (5) and (6), the force K induced by Brownian motion can be described as following:
E. Particle Manipulation During the operation in an OET device, various physical factors, such as the drag force, buoyancy force, gravity force, and external effects (optically-induced AC electroosmosis effect and electrothermal effect), will affect the optically-induced DEP. Moreover, as the size of entities being manipulated decreases, the Brownian motion cannot be neglected and becomes an important factor. As reported in [8] , optically-induced AC electroosmosis is the dominant effect at low applied frequencies, and the effects of electrothermal flow will be dominant at high optical-power densities (higher temperature gradients) and high electric fields. In addition, the buoyancy force and gravity force will balance each other or be overcome by other effects in the vertical direction, as proved in [9] . However, with proper control parameters, e.g., frequencies above 1kHz and optical powers below 100W/cm 2 [8] , the impact induced by the optically-induced AC electroosmosis and the electrothermal flow can be reduced. As a result, the drag force and the Brownian motion will become the dominant factors affecting optically-induced DEP forces.
In order to trap single particle the DEP forces acting to move the particle must overcome the drag force. According to (1) and (4), the trapping velocity should obey:
In an OET system, the liquid medium is assumed stationary, and particle manipulation is implemented by moving the virtual electrodes, so the velocity aforementioned means the light-patterned virtual electrodes' speed. If the virtual electrodes move too fast, the particle will escape because the DEP force is not strong enough to "trap" it. Therefore, the DEP force should at least balance the drag force in order to keep a particle moving at some velocity.
According to (7) , the Brownian motion is only related to the temperature and the particle's radius, so the higher the temperature, the smaller the particle radius, the more intense Brownian motion. Hence, in order to manipulate particles, the DEP force must overcome the forces caused by Brownian motion. This also means that the displacement caused by DEP force should be greater than that of Brownian motion. The following equation presents the relation:
where X DEP and X Brownian are the displacements per second generated by DEP force and Brownian motion, respectively. If the displacement a particle travels per second due to DEP force is smaller than that due to Brownian motion, we can conclude that the DEP force has little effect to the particle's movement. Assuming maximum velocity, the displacement a particle moves within 1s caused by DEP force can be calculated as:
And, the distance a particle travels in 1s due to Brownian motion can be described as following:
According to (9), (10) and (11), the smallest particle radius can be theoretically calculated as:
By given particular parameters, the radius size is directly determined by the electric field distribution. Moreover, the spot size in the ODEP mechanism partly determines the electric field distribution. Then the spot size becomes the dominant factor determining the radius of the smallest particles.
III. RESULTS AND DISCUSSION
A. Comparison of DEP and ODEP
A circular spot electrode (bottom electrode) and a rectangle plate electrode (upper electrode) with length of 100ȝm and width of 50ȝm, as shown in Fig. 1 , was used for comparison of DEP and ODEP electric field distribution. The gap between the electrodes is fixed at 50ȝm. In the DEP mechanism, the circular spot electrode could be realized by microfabrication technology, while the ODEP electrodes could be realized by light projection in the OET system. In order to evaluate the electric field strengths induced by the DEP and ODEP respectively, the geometry and sizes of the electrodes are assumed to be equal. Because the electrodes have the axial symmetry character, then the system can be considered to be two-dimensional, so that the analysis is restricted to a 2D structure. As the virtual electrode size of an actual OET system can be controlled by different focusing lens, for theoretical analysis below, we have assumed the spot size can be varied as required. The following analyses are based on the spot sizes ranging from 1ȝm to 30ȝm, with increment of 5ȝm.
In the OET system, the virtual electrode size is assumed to be 15ȝm, the middle value of the spot sizes. The effective length of micro-electrodes in the DEP mechanism is set equal to 15ȝm in order to realize equivalent comparison. A 100kHz, 10Vpk-pk AC voltage bias was then applied between the top and the bottom electrodes. The electric field distributions exerted by DEP and ODEP mechanisms are shown in Fig. 2 (a) and Fig.  2(b) , respectively. The result shows that the strongest electric field occurs near the surface of the illuminated spot using both DEP and ODEP. However, the magnitudes of the electric field differ between these two techniques. Specifically, the electric field distribution exerted by ODEP has a Gaussian profile due to Gaussian light propagation. But, the generated DEP forces include both lateral and vertical components. The magnitudes of electric field gradient in both directions are compared below. Fig. 3 plots the maximum magnitude of vertical electric field gradient as a function of different heights above the bottom electrode. The ODEP mechanism has a larger magnitude of electric field gradient than that of the DEP when the height is lower than approximately 12ȝm. The contrary is true when the height is above 12ȝm, and finally the two curves converge at the height of 50ȝm above the substrate with the magnitude of 10 12 V 2 /m 2 (1V 2 /ȝm 2 ). The figure indicates that ODEP mechanism can generate larger forces than that of DEP at the edge of the micro-electrodes, meaning that the generated forces will be beneficial for particle manipulations, such as pulling the nearby particles towards the surface of the virtual electrode if a positive DEP force is induced, or in the opposite direction if a negative DEP force is induced. The DEP mechanism can generate bigger electric field force than that of ODEP mechanism when the height is above 12ȝm, however, the particle often slips over and results in loss of control at that height. Fig. 4 shows the magnitude of electric field gradient at the height of 500nm above the substrate in the horizontal direction generated by DEP and ODEP mechanism, respectively. As the electrodes are axial symmetrical, then we can take half of the electrodes for comparison. As can be seen from Fig. 4 , the curve exerted by DEP mechanism has a dramatically change, with the peak value of 10 18 V 2 /m 2 (10 6 V 2 /ȝm 2 ) at the edge of the electrodes and sharply dropped to 0. However, the curve exerted by ODEP mechanism has a smooth change in the manipulating area and reaches the peak value of 10 16 V 2 /m 2 (10 4 V 2 /ȝm 2 ) at the distance of approximate 10ȝm along the center of the electrodes. The results indicate that ODEP has the benefit of flexibly manipulating particles at a large scale while the DEP has the advantage of trap particles at the edge of electrodes.
The gradient of electrical field ( E E
) in the horizontal direction as a function of the spot sizes at the point of 500nm from the center of the electrodes is shown in Fig. 5 spit of the convenience and reconfigurability, the ODEP can also manipulate even smaller particles than DEP for its bigger DEP forces.
B. Relation of particle velocity and radius
In an OET device, the manipulation of particles is usually performed by moving the virtual electrodes, which are patterned by an optical beam and used to generate the DEP force to push or pull particles. However, particles moving with the virtual electrodes are subjected to the "friction" forces (i.e., due to pressure gradient or viscosity) of the liquid. By increasing the velocity of the moving virtual electrodes, particles will move faster but encounter larger frictional forces, until the frictional forces equal to the DEP force. In other words, stronger DEP force will be required to manipulate particles with larger velocity.
According with (8) , the moving velocity of particles will increase with the square of particle radius and the gradient of electric field, which is generated by optical beam based on (3). Fig. 6 shows the relationship between the moving velocity and the radius of particle with different spot sizes from 1ȝm to 30ȝm. The relative permittivity of the liquid is assumed to be 80. The viscosity of the liquid is 1.0082e -3 Pa·S. And, the real part of CM factor is simplified to be 1 for positive DEP manipulation. The active maximal potential on virtual electrodes induced by the optical beam is set to 10V.
In the Fig. 6 , the maximum particle velocities resulted from the optical beam increase along with the increase of particle radius for all spot sizes, i.e., the size of virtual electrode. Moreover, decreasing the size of optical beam will increase the maximum velocities for a given particle, and the magnitudes of velocity change progressively increase as the spot sizes gradually decrease. In essence, the maximum velocities decrease exponentially when the spot sizes increase from 1ȝm to 30ȝm, which is consistent with the relationship between the intensity of optical beam and the spot size in (3).
C. Effect of spot size and particle radius on particle displacement
In an OET system, particle arrays can be constructed by the virtual electrodes for in fabricating parallel devices. Smaller particles are expected to form larger scale devices. However, Brownian motion will become a significant factor as the size of particles decreases. Then, the larger ODEP force will be needed to overcome the stochastic force. According to Fig 5 , ODEP forces vary with the spot size, therefore, to illustrate the domains of influence of different ODEP forces and Brownian motion, Fig. 7 shows the displacement of a particle for a time window of 1s in an electrolyte with conductivity 10 -2 S/m. The displacement is plotted as a function of particle radius, with the same parameters as used to plot Fig. 6 . Note that if 1ȝm spot size is used to generate ODEP force, then the ODEP force acting on 2nm or greater particles will be larger than Brownian effects. For the spot size of 5ȝm and 10ȝm, the induced ODEP displacements are larger than that of Brownian motion when the particle radius exceeds 22nm and 65nm respectively. This diagram shows that movement of nano-scale particles by ODEP with large spot size is almost impossible owing to Brownian motion. IV. CONCLUSIONS DEP and ODEP forces are firstly compared for micor/nano scale manipulation through theoretical analysis. Then, a simulation of electric field distribution demonstrated that ODEP can generate larger forces and a more suitable electric field distribution that is beneficial for parallel particle manipulation than DEP, if the same circular spot electrode geometry is used. Moreover, the relationship between maximum velocity of virtual electrodes and particle radius was simulated with different spot sizes ranging from 1ȝm to 30ȝm. The result demonstrates that the maximum particle velocity decreases when the spot size is increased, which coincides with the expectation that smaller spot size should be used to manipulate small particles than bigger spot sizes. Finally, the comparison of displacements due to Brownian motion and ODEP forces generated by different spot sizes reveals that the minimum radius of particles ODEP can manipulate has a close dependence on the spot size. The results demonstrate that ODEP can theoretically manipulate nano particles down to 2nm when the spot size is scaled down to 1ȝm, if only Brownian effect is considered as the perturbing force.
